automation and video data transport in the conception of a smart grid in onshore Oil & Gas industries.
It is shown that the designed network ensures throughput for remote metering, load control and property security of extraction oil-wells. Localized in a rural area, the BPL cell is composed by a signal processing base station connected to three oil-wells by 1.6 km of overhead MV lines. Equipped with a master BPL modem, the base station is responsible for control and supervision of their relevant process variables in a tree-like topology. Equipped with three-phase mechanical pumping units and with programmable logic controllers, each oil-well contains a slave BPL modem to provide upstream communications. According to our design strategy, BPL gateways coupled to the grid at each 400 m guarantees the link budget for both downstream and upstream considering the small number of branches that certainly degrades the system performance. Nevertheless, PLC technology, based on this design strategy, represents an attractive and cost-effective solution for remote metering and also for patrimony video monitoring of the three oil-wells equipped with progressive cavity pump units.
Network topology, bandwidth requirements, frequency response, physical layer transmission rate and latency are systematically analyzed in the overhead MV distribution power grid. For this purpose, six PLC modems, configured as master, repeaters and slaves are used to compose a BPL cell over a 1.6 km overhead MV line. This paper is organized as follows. In the Section II, the state of the art of a modem based on the Opera open specification for broadband Internet access is showed. Physical and logical trial topologies are described in Section III. Measurements of bandwidth, physical transmission rates and signal spectrums are analyzed in Section IV. Finally, Section V presents the conclusions and final considerations.
II. BROADBAND POWERLINE BASED ON OPERA SPECIFICATIONS
A broadband power line access network consists of a number of terminal users that transmit/receive information in a shared medium to/from a centralized station. In a long reach, with different costumer premise equipments (CPE's) connected to a same head end (HE), time division repeaters (TDR's) can be inserted in the network in order to retransmit the signal and thus increase the coverage. Fig. 1 depicts common tree-like topologies founded in BPL access networks, where a central node HE concentrates and command all of the upstream and downstream traffic in the network. All kinds of structures in MV and LV power line grids can be reduced to an HE plus repeaters structures [11] .
A. Network Architectures
Normally, the HE assigns resources to all nodes of the BPL cell through the use of a token, according to the quality of service (QoS) requirements of the flows circulating on the cell. When connected to an HE or to another repeater, the TDR acts as a master node, sharing its allocated channel among their slave nodes according to the traffic flows, the BPL service class and the origin and destination.
Therefore, it will be the slave of the HE or of another TDR, and the master of its slaves. CPE's are BPL units installed close to customer's household. As a slave, a CPE must subscribe to the network before being able to access the channel. This means that it must select a master that assigns a channel access time. Then, a validation process occurs in order to acknowledge if the CPE is valid. After being accepted to the network, the CPE automatically downloads a file (autoconfiguration process) detailing its configuration parameters [11] .
B. Physical Layer Overview
One of the most significant characteristics of PLC channels is its frequency selective due to reflections caused by impedance mismatches. The overhead MV power line grid also exhibits attenuation and low-pass behavior which limits the bandwidth that shall be used in the communication [16] . Moreover, the time-varying phenomenon occurs due to changes in the topology, cables and connected loads. To overcome those drawbacks, orthogonal frequency division multiplexing (OFDM) techniques has been implemented in the BPL equipments, with its inherent adaptability in the presence of frequency selective channels, its robustness to impulsive noise and high spectral efficiency. Among its several subcarriers, OFDM can employ different levels of amplitude differential phase shift keying (ADPSK) in an adaptive mapping, after channel estimation through pilot symbols.
The bandwidths of the used BPL modems define three operation modes: 30 MHz, 20 MHz and 10
MHz. The BPL system used on the field trial operates in 30 MHz signal bandwidth and 10 MHz, for data rates up to 205 and 84 Mb/s respectively.
A BPL node can operate in one of the different bandwidth modes at a given time [11] . The spectrum occupied by signals can change according to the defined signal bandwidth from 2 to 34
MHz. Some of the important parameters of the BPL modems used in the field trial are summarized in Table I . 
III. BROADBAND COMMUNICATION FIELD TRIAL SETUP
The field trial environment is described in this Section. Representing part of the distribution grid of a Brazilian producing petroleum industry, it is a MV power grid composed by 1.6 Km of four wires (three phases + a reference) with some derivations emulating a multipath fading scenario with inherits attenuation and frequency selectivity. Its tree-like topology is shown in Fig. 2 . 
A. The BPL Network Setup
High spectral efficiency and physical channel adaptivity through automatic gain control (AGC) algorithms, adaptive subcarrier mapping and spectrum mask are some of the majors functionalities of the acquired BPL modems [12] , [13] . In order to verify their inherent control plane in physical layer for both 10 and 30 MHz bandwidths, we conduct experimental transmission in the tree-like configuration shown in Fig. 3 , in which the HE is connected to the CPEs via three TDRs. In the first trial we investigate experimental transmission in a bandwidth of 10 MHz. As a traffic generator we used a Full High Definition Speed Dome camera plugged at the CPE located at RP13, configured to 15 frames/s, 720p resolution and 1536 Kb/s in a constant bit rate mode. The camera is equipped with pantiltzoom (PTZ) functionality and it records video streams.
IV. EXPERIMENTAL RESULTS
In this section we discuss the experimental results in order to show the suitability of broadband power line technology for video and automation data transport over MV power line in the conception of a smart grid in Brazilian Onshore Oil & Gas Industries. Throughput, latency, BER and SNR are the metrics used to evaluate the robustness of such solution.
A. Physical Layer Analysis
The measured time domain signal depicted in Fig. 5.a) It can be seen from Fig. 5 .c) that the packets composed by the SOT and payloads (synchronism, channel reference symbol and data signals) are spaced by 126 μs [11] . Separated by 0.4 μs a SOT and a PDU are well established in the zoom shown in Fig. 5 .d). As described in [14] , the 38 μs SOT duration is composed by 6 OFDM symbols. They are useful in ACG mechanism and are transmitted before the synchronization symbol.
B. Throughput Measured at Ethernet Interface
Connected to the CPE located at RP13 (see Fig. 3 ), the full HD camera was used in this measurement as a traffic generator. The video streaming generated by the camera is received in the HE side by the video management Server. Fig. 6 show almost 30 days of incoming and outgoing throughput measured at the Ethernet interface of both HE and the CPE in RP13. In the HE side, the outgoing lines of Fig. 6 represent the traffic from the HE to a data terminal equipment (DTE), which is the SNMP Server in this case. The incoming lines represent traffic flow from this specific DTE to the Head end. In the CPE, the incoming represent the traffic flow from the camera to its input, while the outgoing lines represent the opposite flow. The first ten thousand minutes shown in Fig. 6 .a) reveal an average 2 Mb/s constant bit rate (CBR) traffic profile, indicating real time video streaming (including the PTZ function) without errors. As expected, the HE incoming throughput is low (see inset of Fig. 6 .a)), because of the low quantity of information (frame actualization, camera control, etc) exchanged in its connection to the DTE. It should be noticed that this behavior is exactly the same in the CPE incoming, as depicted in Fig. 6.(b) .
The bit rate discontinuities observed in Fig.6 .a) and b) represent an energy fault and therefore, shall be ignored in the analysis. After 30 th thousand minutes of measurements, a variable bit rate (VBR) traffic profile was adjusted in the camera. The video services keep on working with a bit rate close to 2 Mb/s when the transmission is necessary. Therefore, we conclude from this result, that this technology also meets the automation application requirements.
C. Bit Rate and Signal-to-Noise Ratio Measurements
The success of the experimental results described in the previous Section can be explained by a performance examination of the technology in the physical layer. Hence, bit rate and signal-to-noise ratio measurements were performed at the PLC interface of the BPL equipments. Regarding to the traffic generated at the CPE in RP13, Fig. 7 . a) and (b) show the system performance in downlink and uplink at the HE and the repeater TDR1 (see Fig. 3 ), respectively. It can be seen from through a variation in the subcarriers mapping, as is in bit loading algorithms [5] , [14] , [15] . The procedures started by benchmark testing in the throughput of each frame size to ensure that the frames were transmitted without any discard. Filling all BPL device buffers, we ensure latency measurements in the worst conditions. In a second instance, the Metro Scope Fluke instrument sends information traffic to the reflector during 120 seconds. At a transmission mid-point, a frame is tagged with a time-stamp and when it is received back at the Fluke instrument, the latency is measured. The transmission continues in the rest of the time period. Fig. 9 depicts the latency measured in the test. Latency close to 2.8 s is considered a high value for real-time applications. However, it was possible to transmit video signals and even controls remotely the camera (in HD configuration) functionalities in the central producing process. Therefore, we conclude that the BPL communication system is well prepared for automation data transport too. We conjuncture that the latency will decreases in future tests with the QoS functionality implemented in BPL modems. signal-to-noise-ratio measurements denunciates an intelligent spectrum mask supported by the OFDM modulation scheme implemented in the PLC modems in order to maximize channel capacity in an adaptive way. This is useful for future Smart Grid applications in a MV network that dynamically allocates bandwidth to a broad range of interconnected secondary substations.
